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Male-specific cell migration into the developing gonad
Janet Martineau*, Katarina Nordqvist†, Christopher Tilmann*, 
Robin Lovell-Badge‡ and Blanche Capel*
Background: The gene Sry acts as a developmental switch, initiating a
pathway of gene activity that leads to the differentiation of testis rather than
ovary from the indifferent gonad (genital ridge) in mammalian embryos. The early
events following Sry expression include rapid changes in the topographical
organization of cells in the XY gonad. To investigate the contribution of
mesonephric cells to this process, gonads from wild-type mice (CD1), and
mesonephroi from a transgenic strain ubiquitously expressing β-galactosidase
(ROSA26), were grafted together in vitro. After culture, organs were fixed and
stained for β-galactosidase activity to identify cells contributed from the
mesonephros to the male or female gonad. 
Results: Migration of mesonephric cells occurred into XY but not XX gonads
from 11.5–16.5 days post coitum (dpc). Somatic cells contributed from the
mesonephros were distinguished by their histological location and by available
cell-specific markers. Some of the migrating cells were endothelial; a second
population occupied positions circumscribing areas of condensing Sertoli cells;
and a third population lay in close apposition to endothelial cells. 
Conclusions: Migration from the mesonephros to the gonad is male specific at
this stage of development and depends on an active signal that requires the
presence of a Y chromosome in the gonad. The signals that trigger migration
operate over considerable distances and behave as chemoattractants. We
suggest that migration of cells into the bipotential gonad may have a critical role
in initiating the divergence of development toward the testis pathway.
Background
In eutherian mammals, sex determination is defined as the
initiation of testis development from the bipotential gonad
(genital ridge) because all secondary sexual differentiation
is dependent upon and subsequent to this initial event.
Testis determination is controlled by the presence of a
gene on the Y chromosome — Sry (mouse) or SRY (human)
[1–3]. In Sry transgenic mice, the presence of this gene on
an XX background leads to the initiation of testis cord for-
mation [4,5]. On the other hand, this primary event in sex
determination does not occur in females or in XY mice
lacking the Sry gene [6,7]. In the absence of Sry expression,
development proceeds along the ovarian pathway.
Sry is expressed for a brief period in the mouse, from
about 10.5 to 12.0 days post coitum (dpc). A variety of
techniques, such as in situ hybridization ([8]; A. Swain and
R.L.-B., unpublished observations), RNase protection and
reverse transcription polymerase chain reaction (RT-PCR)
[9,10], demonstrate that transcripts are present at this
stage in cells of the gonadal primordium. Sry encodes a
protein with an HMG-box type of DNA- binding domain
which is believed to regulate the transcription of down-
stream genes [3,11–13]. Sry exerts its dominant effect by
acting as a genetic switch to divert development of the
indifferent gonad from the female to the male pathway. 
The early events following Sry expression include rapid
changes in the topographical organization of various cell
types making up the developing gonad. The SRY protein
must directly or indirectly regulate multiple new pathways
of gene expression, including those that control mecha-
nisms of morphogenesis, for example extracellular matrix
remodeling, cell associations, cell movements and vascular-
ization of the developing testis, all of which are apparent
12–24 hours after Sry expression reaches its peak. This
process leads to the characteristic testis cord structure, first
visible in the light microscope at about 12.5 dpc, whereby
germ cells are surrounded by epithelial Sertoli cells, which
are in turn surrounded by peritubular myoid cells. Between
the cords are the Leydig cells and a branching pattern of
vasculature [14–16]. The primordial germ cells are the only
lineage whose origin is clearly established [17,18];
however, germ cells play no part in determining the struc-
ture of the testis (i.e. in organizing the somatic cell lin-
eages) [19]. At the indifferent stage of gonadogenesis,
precursors of the supporting and steroidogenic cell lineages
are thought to be present within the gonad, although their
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origins are unclear [20]. Because no molecular characteris-
tics discriminate between these lineages at 11.5 dpc, they
are distinguished clearly only after structural organization
has occurred, around 12.5 dpc. The connective tissue cell
types present in the gonad at these stages are essentially
identical between testis and ovary, with the exception of
the peritubular myoid cells that associate with Sertoli cells
by 12.5 dpc and which, on the basis of in vitro culture of
cells from adult testis, are thought to cooperate in the
formation of the testis cords [21,22]. 
Although early differences between male and female
gonads have been well documented at the light and elec-
tron microscope levels, the mechanistic and molecular
basis for these changes has not been carefully explored.
Genes identified to date in the sex determination pathway
have not illuminated cell signaling events among somatic
cells in the developing gonad. Similarly, despite substan-
tial work on the distribution of many cell adhesion pro-
teins and extracellular matrix components (for review, see
[23]), no clear sex-specific difference has been identified
that is known to have a causative role in the organization
of the various cell types making up the gonad. The experi-
ments reported here were designed to explore the possi-
bility that cell migration acts as a male-specific mechanism
downstream of Sry expression. 
Evidence from earlier organ culture experiments sug-
gested that myoid cells might arise from a population of
cells that migrate into the genital ridge from the
mesonephros after 11.5 dpc. These experiments showed
that if migration were blocked by the placement of a filter
membrane between the mesonephros and gonad, cord
formation did not occur. In these experiments, the
migrating cells were detected by radioactive in situ
hybridization to a high-copy globin transgene present in
the mouse strain used to provide the donor tissue.
However, this assay produces inferior histology, and
cannot be used in conjunction with antibody or RNA in
situ methods for molecular identification of the migrating
cell types [24]. The migrating cells were shown to come
from either XY or XX mesonephros or even from limb
bud, but it was not known whether cell migration was
male specific, as no comparisons were made between XY
and XX gonads [20,24,25]. One possibility was that cells
migrate into both male and female gonads, but respond
differently according to signals within their new XX or
XY environment. On the other hand, if migration were
sex specific, it could be due to an attractive or permissive
signal produced by the XY indifferent gonad that results
in cell movement. The mechanistic and molecular targets
that might be anticipated downstream of Sry are very dif-
ferent in each case. 
To facilitate the study of cell movements and subsequent
reorganization associated with cord formation, we refined
the organ culture system by the use of a transgenic mouse
strain (ROSA26) ubiquitously expressing β-galactosidase
(β-gal) [26]. A mesonephros from this ‘blue’ mouse was
placed alongside a gonad from a ‘white’ mouse (wild-type
CD1), and cultured in vitro. ‘Blue’ cells that moved from
the mesonephros to the gonad could be readily identified.
These studies revealed that cell migration from the
mesonephros to the gonad is male specific and depends on
an active inducing signal(s) in the XY gonad. The signal(s)
is diffusible and acts as a chemoattractant. Three distinct
cell types migrate into the developing testis in response to
the signal(s) from the XY gonad. We suggest that each of
these cells has an essential role in the organization and
function of the early developing testis. 
Results and discussion
The signal for cell migration is male specific
Before initiating the mixed organ culture experiments, we
established culture conditions under which intact urogeni-
tal ridges (UGR, containing both mesonephros and
gonadal primordium) explanted from male embryos at the
indifferent stage consistently develop cords within
12–24 hours while UGRs from female embryos do not.
Several media, with or without serum, were tested. The
best results were obtained with DMEM plus 10% fetal
calf serum and 50 µg ml–1 ampicillin. Differences in the
efficiency of cord formation in male gonads were some-
times observed between sera, and batches that worked
consistently were selected. Several improvements to the
culture methods compared with those described by others
have resulted in increased migration and viability (see
Materials and methods).
For mixed organ culture experiments, embryos were dis-
sected from two sets of standard timed matings: 
CD1 × CD1 (wild-type, to obtain ‘white’ gonads) and
CD1 × ROSA26 (to obtain genetically marked ‘blue’
mesonephroi). Individual embryos, dissected at the indif-
ferent stage of development corresponding to 16–20 tail
somites as described in [9], were sexed by staining amnion
cells to identify chromatin bodies in XX cells [27]. ROSA26
mesonephroi and wild-type gonads were separated using
fine needles and assembled pairwise in narrow grooves in
agar blocks in the four possible combinations: XX gonads
with XX or XY mesonephroi, and XY gonads with XX or
XY mesonephroi (Figure 1). Samples were cultured at the
surface–air interface where they fused and continued to
develop over a 48 hour culture period. Between 12 and
24 hours after initiating the culture, testis cords were
visible in combinations where the gonad was XY, demon-
strating that even with mixed organs, the culture system is
consistent with normal in vivo physiological time frames for
cord formation (data not shown). 
To determine whether cells had migrated from the
mesonephros to the gonad after approximately 48 hours
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culture, organs were recovered from blocks, fixed, then
incubated in X-gal staining solution overnight at 37°C.
Our results indicate that there is extensive cell migration
into the XY gonad. This migration occurs whether the
mesonephros is XX or XY (Figure 2a). On the other hand,
little or no migration is seen in cases where the gonad is
XX. The amount of migration observed in each sample
was scored for approximately 20 organ cultures of each
Figure 1
Diagram of the organ culture system.
Urogenital ridges (UGR) are dissected from
embryos from CD1 females mated to
ROSA26 homozygous males or to CD1
males. Mesonephroi and gonads are
separated with 27-gauge needles, assembled
in narrow grooves cast in agar blocks and
cultured for 24–48 h.
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Figure 2
(a) Extensive cell migration occurs if the
gonad is XY (right) but not if it is XX (left), and
regardless of whether the mesonephros is XX
or XY. ‘Blue’ mesonephroi and ‘white’ gonads,
dissected from 11.5 dpc embryos, were
assembled in all four possible combinations,
cultured in vitro for 48 h, fixed, and stained for
β-gal activity. (b) Graphic representation of
the amount of migration in each combination.
Cultured gonads more frequently show a
slightly higher level of migration if both
mesonephros and gonad are XY. The amount
of migration is represented as points on an
increasing scale from – (no migration) to
++++ (extensive migration).
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combination and is represented as data points on a scale
(–, +/–, +, ++, +++, ++++; Figure 2b). In a few cases,
random isolated blue cells were seen in XX gonads, and
scored +/–, or the beginning of a vascular branch was
observed near the mesonephros and scored +. Among the
male samples, several independent streams of cells were
scored as ++. Extensive migration throughout all regions
of the gonad was scored as +++ or, in the best cases, as
++++. In general, more samples showed a higher level of
migration in cases where both the gonad and mesonephros
were XY; however, the range of results within any group is
wide, and the effect of an XY versus XX mesonephros is
not pronounced.
As Sry alone on an XX transgenic background leads to
normal cord formation and testis development [4,5] and no
cord formation is seen in developing ovaries of XYTdym1 mice
deleted for Sry [6], it can be concluded that the signal for
cell migration must normally depend on the action of Sry,
rather than on dosage of the X chromosome or on the pres-
ence of other Y chromosomal genes. The requirement for a
Y chromosome only in the gonadal portion of the graft is
consistent with genetic analysis of XX–XY chimeras [28],
indicating that Sry is required only in the supporting cell
lineage that gives rise to Sertoli cells in the male. Other cell
types in the developing testis are believed to be recruited to
the male pathway by cell–cell interactions initiated by the
differentiating pre-Sertoli cells. 
Migrating cells are proliferating
Organ growth occurs in the male gonad much earlier than
in the female gonad in vivo, and must therefore be one of
the downstream consequences of Sry expression. The
influx of migrating cells must contribute to this rapid
growth of the male gonad. We have also observed an
increase in the number of blue cells in the gonad over the
48 hour period of the organ culture experiments. This
increase might be partly due to proliferation of migrating
cells that have entered the gonad and/or it might be due to
ongoing migration. To explore these possibilities, we
pulse-labeled dividing cells in the organ cultures by addi-
tion of bromodeoxyuridine (BrdU) at time points between
24 and 48 hours after initiating the culture. Figure 3 shows
a sample after 43 hours of culture, double-labelled for
BrdU and β-gal and developed with the appropriate sub-
strates. Dividing cells that have incorporated the label can
be identified by the presence of a brown precipitate. Some
of the blue cells incorporated the BrdU label at 24 or
48 hour time points, and hence are dividing (arrowheads). 
The time course of migration extends beyond the period of
Sry expression
It has seemed likely that the testis-determining mech-
anism must act in a narrow window of time to divert
development from the female to the male pathway.
For example, ovarian development occurs when the Mus
musculus domesticus-derived Poschiavinus Y chromosome is
on a C57BL/6 background. It has been suggested that one
explanation for this might be that Poschiavinus carries a
late-acting Sry allele whereas C57BL6 carries early-acting
autosomal ovarian-determining alleles [29,30]. The narrow
time frame of Sry expression in the mouse (10.5–12.0 dpc)
is consistent with this hypothesis. It was, therefore, impor-
tant to test whether cell migration was a time-constrained
event in gonad formation. 
To determine whether the period of competence for cell
migration is limited with respect to either the signaling or
responding cells, male and female gonads were dissected at
later time points (between 12.5 and 16.5 dpc) and assem-
bled with ROSA26 mesonephroi in both developmentally
matched and heterochronic combinations. Figure 4 shows
results using a mesonephros from a 12.5 dpc embryo paired
with a gonad from a 14.5 dpc embryo and a mesonephros
from a 14.5 dpc embryo paired with a gonad from a
12.5 dpc embryo. Cells migrate at all stages, indicating that
both the signal and responsiveness persist at least until
16.5 dpc, approximately 4 days after transcription of Sry is
turned off. No cell migration occurs into the female gonad
between 11.5 and 16.5 dpc, despite the fact that follicles
are beginning to form in vivo in the developing ovary by
16.5 dpc. These results are consistent with the idea that
the signal for migration is an indirect effect of SRY action. 
Three migrating cell types are distinguishable
The pattern of migration into the XY gonad appears
similar at the light microscope level in all combinations
tested so far. ROSA26 mesonephroi (or in some test cases
a forelimb) and CD1 gonads were assembled at age-
matched stages between 11.5 and 13.5 dpc, cultured for
Figure 3
BrdU pulse labeling at 43 h of culture indicates that migrating cells are
dividing during culture. Cells undergoing DNA synthesis at the time of
the pulse are labeled brown. Arrowheads indicate dividing blue cells. A
smaller proportion of white gonadal cells are also dividing.
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42–48 hours, then fixed for further analysis. Some samples
were stained with X-gal and others with an antibody to
β-gal to detect migrating cells. Samples were processed as
whole mounts, or frozen for cryosections to identify
migrating cells using antibodies or RNA in situ probes 
specific for the different cell types of the testis. 
The structural context of the migrating cells strongly sug-
gests that one of the cell types contributed by the
mesonephros is the myoid cell that partitions the early
seminiferous cords from the interstitial cells of the testis
(Figure 5). So far, we have obtained no specific marker of
peritubular myoid cells at this early stage of development.
However, the histological organization of peritubular
myoid cells in a single, filamentous layer surrounding the
Sertoli cells is characteristic (Figure 5a). Antibodies
against smooth muscle cell markers commonly used to
detect myoid cells in more differentiated samples, includ-
ing desmin, vimentin, smooth muscle α-actin and smooth
muscle myosin, label many cells at low (background)
levels in the gonad at this stage, but so far no specific cell
population has been illuminated. We have also tested an
RNA in situ probe for the gene Patched, which reportedly
labels interstitial cells at 18.5 dpc [31], but this probe does
not label either the peritubular myoid cells or Leydig cells
at 11.5–12.5 dpc in our samples.
Sertoli cells can be distinguished by RNA in situ hybridiza-
tion for several markers, including the Sry-related gene Sox9
[32,33]. No β-gal-positive cells were found that were also
expressing Sox9, consistent with the notion that all the sup-
porting cell precursors are within the developing gonad by
11.5 dpc. Instead, the migrating cells are always found
outside the testis cords, in some cases directly apposed to
Sox9-positive cells, in the position normally occupied by
peritubular myoid cells (Figure 5b, arrow). 
Leydig cells, which reside within the interstitium, also
have a characteristic morphology. They all appear to be
derived from the gonadal portion of the cultures, but we
cannot rule out the possibility that some are also derived
Figure 4
Cell migration between heterochronic combinations of mesonephros
and gonad appears to be similar to 11.5 dpc samples. (a) 12.5 dpc
XX mesonephros apposed to a 14.5 dpc XY gonad. (b) 14.5 dpc XY
mesonephros apposed to a 12.5 dpc XY gonad. In both cases, organs
were cultured for 48 h before fixing and staining for β-gal activity.
Figure 5
Migrating cells are found in regions where
vasculature is forming and in surrounding testis
cords. Samples were assembled at 11.5 dpc,
cultured for 42 h, fixed, cryosectioned, and
stained with X-gal. (a) XY:XY sample showing
the peritubular location of migrating (blue) cells.
(b) Double-labeled by RNA in situ hybridization
to detect Sox9 expression. Sox9-expressing
cells are the Sertoli cells, localized within cords
(C). Blue cells from the mesonephros (M) form
vessels (V), and are located in positions where
peritubular myoid cells normally lie adjacent to
Sertoli cells (arrow).
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from the mesonephros. Side-chain cleavage enzyme
(SCC) and 3β-hydroxysteroid dehydrogenase (3βHSD)
[34,35] are required for the earliest steps of steroid synthe-
sis and have been shown to label Leydig cells within the
developing testis in vivo beginning at stages after 12.5 dpc.
Organs assembled at 12.5 dpc and later express SCC after
48 hours in culture. In these cases, we detected no SCC-
positive or 3βHSD-positive cells among the migrating
blue cells. However, cultured gonads assembled at
11.5 dpc and cultured for 24–48 hours do not express these
markers at levels detectable by in situ hybridization using
digoxigenin-labeled probes. For this reason, we cannot
rule out the possibility that Leydig cells migrate from the
mesonephros before 12.5 dpc. Experiments reported by
Merchant-Larios and colleagues [20,25], in which secreted
testosterone levels were measured by radioimmunoassay,
suggest that more Leydig cells differentiate in vitro when
both the mesonephros and gonad are XY than when the
mesonephros is XX and the gonad is XY. The explanation
for this result is not yet clear.
Under the light microscope, vascularization in the male
gonad is apparent earlier than in the female. As many of
the blue mesonephric cells migrating into the male gonad
appeared to be in locations characteristic of developing vas-
cular tissue (Figure 5b), samples were tested with an anti-
body that labels endothelial cells. Double-labeling
experiments, using an antibody to β-gal (green) and an
antibody to an endothelial cell marker CD31 (red), were
performed on whole-mount samples and imaged by confo-
cal microscopy (Figure 6). In this experiment, some cells
were double-labeled (yellow), showing that these are
endothelial cells that have migrated from the mesonephros
after 11.5 dpc (Figure 6a, arrowhead). Some cells labeled
only with CD31, indicating either that they migrated
earlier than the cultures were assembled (before 11.5 dpc)
or that they arose in situ from white gonadal tissue. In most
samples of XY gonads apposed to XX or XY mesonephroi,
migrating cells positive for the anti-β-gal antibody and neg-
ative for the endothelial marker CD31 were detected in
positions characteristic of peritubular myoid cells, sur-
rounding testis cord structures (Figure 6a, arrows). In
Figure 6, sample and plane of focus are chosen to display
migratory contribution to the vasculature, as opposed to
Figure 5, which is optimized for migratory contribution to
cells surrounding cords. At a higher magnification, cells
labeled only with β-gal were also found closely associated
with endothelial cells in the developing vasculature
(Figure 6b, arrows). Figure 6b shows four serial confocal
sections taken of a vascular plexus at intervals of 2 µm.
Double- and single-labeled cells can be distinguished by
following indicated cells through the sectional series. The
β-gal-positive cell indicated by the top arrow in sections 1
and 2 does not label with CD31 (i.e. is not endothelial),
whereas the cell indicated by the bottom arrow is double-
labeled by both CD31 and the β-gal antibody (i.e. is
endothelial). The endothelial-associated cells are most
likely to be vascular smooth muscle cells, or a precursor
Figure 6
(a) Confocal image of a whole-mount gonad. Some, but not all, migrating
cells are found in association with the vasculature in XX:XY or XY:XY
cultured organ combinations assembled at 11.5 or 12.5 dpc. CD31 (red),
a cell-surface endothelial-specific marker, outlines a vascular network in
the developing gonad. An antibody against β-gal (green) double-labels
many of these cells (yellow, arrowhead). Some of the β-gal-positive cells
located at the borders of cords in the whole-mount gonads do not
express the endothelial marker CD31 (arrow). The location of these cells
suggests that they are myoid cells. Scale bar = 75µm. (b) Serial optical
sections of a vascular plexus in a whole-mount gonad at 2µm intervals,
double stained as in (a). The majority of cells labeled with β-gal (green,
cytoplasmic) are closely associated with, but not identical to, endothelial
cells labeled with CD31 (red, membrane). Arrows indicate informative
cells to follow through the four optical sections. Scale bar = 25µm.
cell, the microvascular pericyte, which may be capable of
giving rise to either endothelial or vascular smooth muscle
(myoepithelial) cells [36,37]. 
Myoepithelial cells have been shown in other systems to
be critical for the development of a circulating vasculature.
In mouse embryos homozygous for a null mutation in the
gene tissue factor (TF –/–), the myoepithelial cells surround-
ing vessels are absent, resulting in vessels that fail to
support blood flow [38]. A similar result has been found in
mice deficient for platelet-derived growth factor B (PDGF-
B) or its receptor PDGFβR [39,40]. Our finding that
neither these cells nor endothelial cells migrate into the
female gonad suggests that some aspect of vascular forma-
tion may be important in the organogenesis of the testis.
The signal for cell migration is a positive signal that can be
transmitted over at least 100 mm
Two possible explanations might account for male-spe-
cific migration: the XY gonad might produce an active
signal or, alternatively, the mesonephros might have an
intrinsic migratory property that is inhibited by the XX
gonad. Although it was clear from earlier experiments that
a membrane barrier placed between the mesonephros and
gonad prevented cord formation [24], these experiments
simply blocked migration and were not designed to test
whether the signal could work over a distance. To test the
two possibilities, we assembled sandwich gonads of an XY
(or XX) mesonephros apposed to an XX gonad (approxi-
mately 100 µm thick), sandwiched on the outside with an
XY gonad (Figure 7a). Because the XX and XY gonads
tend to fuse during culture, combinations where the XY
gonad was a smaller broken piece were assembled so that
the perimeters of the original gonads could be deduced
after culture and the XY gonad could be kept away from
contact with the mesonephros. When this complex is cul-
tured, cells from the mesonephros migrate through the XX
gonad toward the XY gonad (Figure 7b), demonstrating
that migration is not inhibited by the XX gonad and that
the signal can work over considerable distance. Migration
occurs whether the mesonephros is XX or XY. 
The signal for cell migration acts as a diffusible
chemoattractant
It was necessary to exclude the possibility that XY
gonadal cells were sex-reversing the female tissue in
sandwich experiments, as it has been known for some
time that in XX–XY chimeras only 25% XY cells are suf-
ficient to trigger testis cord formation [28]. We first
tested the possibility that XY cells were mixing into the
XX tissue, using sandwich organs in which a blue XY
gonad was apposed to a white XX gonad. In these
samples, the boundary between XX and XY cells became
blurred, but no mixing beyond the abutting cell layers
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Figure 7
(a) Diagram of sandwich gonads, assembled
by placing an XX gonad apposed to a
mesonephros, with a fragment of an XY
gonad on the outside. Sandwiches were
cultured for 48 h, fixed, and stained in X-gal
overnight. (b) Cells migrate from the
mesonephros through an XX gonad toward an
XY gonad. The dashed line indicates the
original boundary of the XX and XY gonads,
which tend to fuse at the border during
culture.
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occurred (data not shown). We reasoned that if male
tissue were sex-reversing the female cells, apposing male
and female gonads side-by-side would also sex-reverse
the female tissue and induce migration into the female
portion of the graft. To test this possibility, male and
female anterior and posterior half-gonads were fused in
the middle and placed against a blue mesonephros
(Figure 8). Organs were cultured for 45 hours, fixed, and
stained with X-gal. Cells were seen to move only into the
XY portion of these grafts. Migrating cells move into XX
tissue only when it is placed between the XY gonad and
the mesonephros. This experiment showed that the
signal for cell migration was not induced in adjacent
female tissue, and further suggested that the signal for
migration acts as a chemoattractant.
To test whether the signal is diffusible, proteins were
extracted from 11.5–12.5 dpc male gonads, and absorbed
onto Affigel beads. Beads coated with male proteins were
placed against the coelomic epithelial edge of XX gonads,
apposed as usual to a blue mesonephros (Figure 9). Com-
posite organs were cultured for 24–48 hours, then fixed
and stained in X-gal solution. Cells were induced to
migrate into the XX gonad in a pattern similar to that nor-
mally seen only in XY gonads, showing that the signal for
cell migration is diffusing from the beads. Male protein
preparations treated with proteinase K before incubation
with Affigel beads did not induce migration into XX
gonads, indicating that the signal depends on a protein in
the male preparations. 
Conclusions
Previous studies showed that cell migration is important
for testis morphogenesis [20,24,25]. Our experiments have
confirmed and extended this conclusion by showing that
cell migration from the mesonephros (or even from a fetal
limb) after 11.5 dpc is a male-specific process which does
not occur in developing female gonads, at least up until
16.5 dpc. The increase in numbers of blue cells over the
period of culture can be accounted for both by prolifera-
tion of migrating cells and by ongoing migration. Results
of assembling age-matched or heterochronic mesonephroi
and gonads show that the period of competence for
sending or responding to the signal(s) for cell migration
extends from 11.5 dpc at least until 16.5 dpc, although the
proportion of migrating cell types may vary. This result
suggests that Sry triggers signal(s) for cell migration that
are sustained after expression of Sry itself is turned off at
12.0–12.5 dpc. This is consistent with the idea that signals
for migration and/or cord formation are not directly medi-
ated by SRY but, instead, are a consequence of the male-
specific pathway normally set in motion by SRY action.
We have observed no blue cells contributing to either
Sertoli or Leydig lineages. Migrating cells contribute to
the endothelial cell population. As assessed by cell mor-
phology and location within the tissue, a second popula-
tion of migrating cells appear to contribute to
myoepithelial cells surrounding the vasculature. A third
population of migrating cells circumscribe Sertoli cell
cords and are likely to be peritubular myoid cells. Cells
can be induced to migrate through female tissue, showing
that the female gonad does not inhibit migration. Our
results indicate that the signal does not require cell
Figure 8
The signal for cell migration acts as a chemoattractant. When XX and
XY gonads are fused end-to-end and placed against a blue
mesonephros, cells migrate only into the XY tissue.
Figure 9
The factor inducing cell migration is diffusible. A crude protein extract
from XY gonads adsorbed non-covalently to beads can mimic the
effect of an XY gonad to induce migration into XX tissue.
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contact and may operate as a diffusible chemoattractant or
by a rapid cell relay system [41] over a distance at least the
width of an XX gonad. 
In the testis, Leydig cells are excluded to the outside of
testis cords by the peritubular myoid cells, which are in
direct contact with Sertoli cells. The peritubular myoid cell
has no analog in the female gonad, where granulosa cells
directly abut theca cells at the borders of follicles. In the
testis, myoid cells are believed to cooperate with Sertoli
cells to deposit a well-characterized basement membrane
surrounding testis cords [21]. Our organ culture data and
the work of others [20,24,25] suggest that the arrival of
cells from the mesonephros may be critical in triggering
the organization of the somatic cells of the testis into cord
structures. Figure 10 presents such a model. Organization
might occur through a number of very different mecha-
nisms, for example through a lateral signaling pathway,
and/or by cooperativity in the deposition of the basal
lamina that partitions the testis cords from the interstitial
cells and results in the polarization of pre-Sertoli cells. 
Sex determination is an ideal system for elucidating mech-
anisms governing organogenesis, not only because some of
the genes involved in triggering the initial events of cell
differentiation have been identified, but also because the
immediate and clear morphological divergence between
ovary and testis make a comparative analysis possible.
Experiments are now underway to identify the factor(s)
that induces migration of these cell populations, which will
provide a molecular link between Sry and morphogenesis. 
Materials and methods
Organ cultures
Mouse embryos were collected between 11.5 and 16.5 dpc from a
random-bred strain, CD-1, and a homozygous transgenic strain,
ROSA26 (C57BL/6J × 129/SvEv hybrid mix) constitutively expressing
β-gal in all its cells [26]. For sexing embryos at 11.5 dpc, before sexual
dimorphism is apparent, amnions from individual embryos were col-
lected and stained to identify XX samples by the presence of cells with
a condensed chromatin body [27]. The whole mesonephros plus
gonad were dissected from all embryos and mesonephroi and gonads
were separated using 27-gauge needles. Isolated gonads from CD-1
mice and mesonephroi from ROSA embryos were collected into
warmed Dulbecco’s Minimal Eagle’s Medium (DMEM)/10% fetal calf
serum (FCS; Gibco)/50 µg ml–1 ampicillin and kept at 5% CO2 at
37°C until the collection/separation phase was complete (no more
than 3 h). (In some cases 11.5–12.5 dpc forelimbs were collected from
ROSA embryos for testing as a source of donor cells.) Samples were
chilled briefly on ice to facilitate handling during the assembly phase.
Mesonephroi and gonads were assembled pairwise in grooves cast in
1.5% agar blocks (Difco Bacto Agar in DMEM). Medium was removed
from the grooves to promote adhesion between the mesonephroi and
gonads. Agar blocks were incubated in 35 mm tissue culture dishes
with 400 µl DMEM/10% FCS/ 50 µg ml–1 ampicillin medium added to
the bottom of the plate at 37°C in 5% CO2. Cultures were fed with
fresh culture medium 2–4 h after assembly, again after 18–20 h, and a
third time after around 40 h. 
X-gal staining of organ cultures
Organ cultures were washed twice in phosphate-buffered saline
(PBS), fixed in 0.2% glutaraldehyde for 8 min or in 2% paraformalde-
hyde/PBS for 20 min at room temperature, washed twice in β-gal wash
solution, and incubated in X-gal stain for 6 h to overnight at 37°C to
develop the blue color [42]. Samples were washed in β-gal wash solu-
tion twice and post-fixed in 4% paraformaldehyde. Samples were
rinsed twice in PBS before further processing. 
Cryosectioning and in situ hybridization
To prepare for cryosectioning, samples were washed through a sucrose
series: 1 × 15 min in 10% sucrose, 1 × 15 min in 15% sucrose, 1 × 1 h
in 20% sucrose, then incubated in a 1:1 mixture of sucrose and OCT
(cryoembedding medium, Tissue Tek) overnight at 4°C. Samples were
oriented using the dissecting microscope in embedding molds in 1:3
sucrose:OCT, frozen on dry ice, and sectioned in 12 µm sections onto
slides coated with 3-aminopropyltriethoxysilane. RNA in situ hybridiza-
tion was performed on cryosections according to the Boehringer
Mannheim Biochemicals protocol for digoxigenin-labeled RNA probes
with the exception that samples were treated with Proteinase K after
sectioning to eliminate background. Probes used in this study were for
Sox9, synthesized from a plasmid (pSox 9.5a) kindly provided by Peter
Koopman and used at a hybridization temperature of 65°C in 50% for-
mamide [30]; for SCC, from a plasmid kindly provided by Keith Parker
Figure 10
Model of cell migration specifically into the male gonad. Migration may
be critical to partitioning the field of gonadal cells into testis cords. 
12.5 dpc female
12.5 dpc male
11.5 dpc
male or
female
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and hybridized at 55°C [32]; and for 3βHSD as described [33]. Both
SCC and 3βHSD probes show efficient labeling of Leydig cells in
whole-mount gonad controls at 13.5 dpc and thereafter.
Bromodeoxyuridine labeling of organ cultures
To label dividing cells during organ culture, bromodeoxyuridine (BrdU)
was added to the culture medium and cells were incubated for 45 min
immediately before harvesting. The protocol specified by the manufac-
turer, Boehringer Mannheim, was used, with the exception that five
times the standard concentration of BrdU was added to culture medium
to allow for diffusion through the agar block. Samples were then
washed, fixed for 8 min in 0.2% glutaraldehyde, stained in X-gal stain
overnight at 37°C, cryosectioned, and processed with an antibody to
BrdU conjugated to alkaline phosphatase. Alkaline phosphatase stain-
ing was developed in the presence of levamisole to block endogenous
alkaline phosphatase activity from germ cells present in the gonads.
Control samples with no BrdU incorporation showed no signal.
Whole-mount double-label immunohistochemistry
After 24 or 48 h incubation, organ cultures were fixed in cold (–20°C)
4:1 methanol (MeOH):dimethylsulfoxide (DMSO) for 1 h at –20°C,
washed twice in 100% MeOH, and stored at –20°C in 70% MeOH.
For immunohistochemistry, samples were rehydrated through a 
MeOH/PBS series (100%, 90%, 70%, 50%, 30%) on a rocker at room
temperature for 15 min at each step, and finally washed twice in PBS.
Organs were blocked in 10% bovine serum albumin (BSA)/1% heat-
inactivated goat serum/0.1% Triton-X100/PBS overnight on a rocker at
4°C. Primary antibodies used were anti-β-gal (Cappel) and anti-CD31
(Pharmingen), diluted 1:300 in PBS/0.1% Triton X-100/1% BSA/1%
heat-inactivated goat serum. Samples were incubated in the antibodies
overnight at 4°C. Samples were washed at room temperature with
PBS/0.1% Triton-X100/1% BSA/1% heat-inactivated goat serum at
least five times for 1 h each on a rocker. Secondary antibodies used
were a Cy5-conjugated goat anti-rabbit (Jackson ImmunoResearch) to
detect anti-β-gal and a Cy3-conjugated goat anti-rat IgG (Jackson
ImmunoResearch) to detect anti-CD31, both diluted 1:1000 in the
same buffer. Samples were incubated overnight on a rocker at 4°C and
washed as above. Samples were mounted in DABCO (Kodak) and
sealed in chambers made by suspending a coverslip above the slide
with florist’s clay ‘posts’ (100–200 µm). Images of whole mounts were
collected on a Zeiss LSM410 confocal microscope. Using a ×40
objective, the plane of section is <2 µm. 
Protein extract preparations
Male gonads from 12.5 dpc mice were dissected apart from the
mesonephros, and stored at –70°C until further use. Approximately 80
male gonads were pooled and homogenized in PBS plus a cocktail of
protease inhibitors consisting of phenylmethylsulfonylfluoride (PMSF;
100 µg ml–1), aprotinin (1 µg ml–1), antipain (1 µg ml–1) and pepstatin A
(1 µg ml–1), yielding a final protein concentration >3 mg ml–1. 
Proteins were absorbed non-covalently to Affigel blue beads (BioRad)
by adding beads to the protein extract and incubating at room tempera-
ture for 1 h. Beads were then embedded in a collagen sheath for stabil-
ity in agar block grooves. (Collagen was prepared from rat tails by
solubilizing in 0.5 N acetic acid for 24–36 h at 4°C with stirring. Solubi-
lized collagen was then dialyzed against four changes of Basal Media
Eagle (Gibco) pH 4.0 with stirring at 4°C. Collagen was polymerized
by adding sodium bicarbonate and incubating at room temperature for
5 min). Beads coated with gonadal proteins and ensheathed in colla-
gen were placed behind female gonads in culture. Composite organs
were cultured for 24–48 h as usual. For inactivated-extract controls,
proteins were treated with Proteinase K at 100 µg ml–1 for 20–30 min
on ice. Proteinase K was inactivated with 100 µg ml–1 PMSF before
adsorption onto beads, in parallel with untreated protein preparations.
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